Although observing other's gaze and body movements provides a crucial source of information to successfully interact with other people, it remains unclear whether observers weigh differently these cues and whether the convergence of gaze and body's directions determines facilitation effects. Here we aim to shed more light on this issue by testing the reliance upon these cues from both a behavioral and a neurophysiological perspective in a social interactive context. In Experiment 1, we manipulated the convergence between the direction of an actor's upper limb movement and gaze direction while he attempts to socially interact with the participants observing the scene. We determined the direction of gaze as well as the duration of participants' ocular fixations during the observation of the scene. In Experiment 2, we measured and correlated the effect of the body/gaze manipulation on corticospinal excitability and on the readiness to interact-a disposition to engage in social situations. Eye-tracking data revealed that participants fixated chiefly the actor's head when his hand and gaze directions were divergent. Possibly a strategy to disambiguate the scene. Whereas participants mainly fixated the actor's hand when he performed an interactive request toward the participants. From a neurophysiological point of view, the more participants felt involved in the interaction, the lower was motor preparation in the muscle potentially needed to fulfill the actor's request. We contend that social contexts are more likely to elicit motor preparation compared to non-social ones, and that muscular inhibition is a necessary mechanism in order to prevent unwanted overt reactions during action observation tasks.
Introduction
When interacting with another agent, gaze direction represents key information for social communication [1, 2] . Since childhood, people have the tendency to attend to an interacting agent's gaze [3] [4] [5] [6] . Gaze direction, in fact, induces reflexive shifts of attention in the onlooker [7] [8] [9] , provides information regarding where and to what one is paying attention [10] , and it may activate 'joint attention' between two agents [11] . In gaze cuing paradigms, participants PLOS ONE | https://doi.org/10.1371/journal.pone.0223591 October 21, 2019 1 / 21 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
are typically faster at detecting or identifying an object when it appears in an observed gaze's direction, compared to when it is presented in the opposite side (for reviews see [12, 13] ).
Of relevance for the present study, is the evidence that the gaze of another person provides information related to her subsequent behaviors, in particular to her intentions to act upon objects [14, 15] . It has been demonstrated that observing an agent simply gazing at an object elicits behavioral and neural responses similar to when the same agent performs a grasping action toward the very same object [16, 17] . Seemingly, observing someone's gaze has the ability to elicit in the onlooker a grasp representation, which is related to possible hand-object interactions [18] .
These findings have been interpreted in terms of a 'direct matching' mechanism mediated by mirror neurons (MNs). MNs show comparable activation during both action execution and observation [19] and their activity is modulated according to an observed agent's gaze direction [20] . These latter results demonstrate that gaze direction is coded by the MNs and confirm previous evidence that action and gaze are tightly linked at a neural level [21] .
Although the contribution of gaze cues in modulating motor behavior during action observation has been established [22, 23] , the investigation of this phenomenon in a realistic social situation is still rare [24] . To our knowledge, the effect of another's gaze direction on motor preparation and readiness to interact-a disposition to engage in socially meaningful situations [25] -has yet to be tested.
To fill this gap, in the present study we capitalized on an established paradigm for inducing complementary activations in the observers' muscles (i.e., motor patterns completing each other's mutual action according to a common aim; [26] ) to investigate the role of gaze direction in a social interactive context from both a behavioral and a neurophysiological perspective. In particular, we focused on the congruency between upper limb movement direction and gaze direction during observation of video clips expressing a social request (i.e., interactive request action) or not (i.e., non-interactive action). Specifically, gaze and limb movement cues could both point toward the same object (i.e., convergent conditions) or gaze could point toward an object and limb movements toward a different one (i.e., divergent condition).
In Experiment 1, the location and duration of participants' ocular fixations were investigated by means of eye-tracking procedures. This provided a measure of the relative influence of the coupling/uncoupling of gaze and action cues on observer's gaze behavior, and their ability to attract overt attention to critical aspects of the visual scene. By dissociating gaze and movement cues in a social interactive context, we expect to disentangle their relative influence. In particular, we expect that eye-tracking data will provide vital information regarding whether and how the reading of others' gaze and body movements is crucial for understanding the intention to interact.
In Experiment 2, we tested onlooker's motor preparation via transcranial magnetic stimulation (TMS) paired with electromyography (EMG) during observation of the same video clips. Then we measured and correlated these neurophysiological data with the subjective involvement in the observed scene, acquired through a questionnaire. To the best of our knowledge, how the interplay between gaze and body cues influences corticospinal excitability in a context calling for a social involvement has never been tested. Based on previous results obtained using similar paradigms for inducing complementary activations in the observers' muscles [26] , we predict that coupling gaze direction with a request gesture will increase response saliency, therefore enhancing observers' motor preparation and readiness to interact (see [27] for a similar approach). In particular, an increased activity of the muscle involved in the response preparation for the Interactive condition when the gaze points to the salient object is expected.
Experiment 1
Observers' eye movements were recorded during the observation of video clips showing interactive and non-interactive actions. We manipulated both the actor's gaze and upper limb's direction so that they could be convergent or divergent, and we sought to reveal how this manipulation affected the observer's gaze behavior through eye-tracking procedures.
Methods
Participants. Twenty right-handed volunteers (15 females and 5 males, age range 21-31 years, mean age 24.8 years) with normal or corrected-to-normal vision took part in the experiment. They all provided written informed consent prior to the experiment. Ethical approval for conducting the experiment was granted by the University of Padua's ethics committee, in accordance with the Declaration of Helsinki. A right-handed non-professional actor (male, 29 years old; pictured in Figs 1, 2 and 3) was recruited for video-clip recording. He provided written informed consent (as outlined in PLOS consent form) to publish his image alongside the manuscript.
Stimuli. Four types of actions were digitally recorded as experimental stimuli:
• Interactive request action, Convergent Gaze: an actor grasped a sugar spoon placed on a small starting block, poured some sugar into a mug placed next to him on a table, then, with some sugar left in his spoon, stretched out his arm toward a mug out of his reach-but strategically placed near the observer, as to require her intervention to lift it. Notably, the actor performed this request gesture while looking at the mug ( Fig 1A) .
• Interactive request action, Divergent Gaze: the actor performed the very same request gesture but while looking at the starting block instead of the mug ( Fig 1B) .
• Non Interactive action, Convergent Gaze: the actor grasped the sugar spoon, poured some sugar into the mug placed next to him and then he moved the spoon back to its initial position while looking at it ( Fig 1C) .
• Non Interactive action, Divergent Gaze: the actor performed the very same action, but when moving the spoon back to its initial position he looked at the mug ( Fig 1D) .
Note that the actor grasped the sugar spoon with his right hand using a precision grip (PG; i.e., opposition of thumb to index finger) and the same grasp was elicited by the small starting block. Whereas the other object present in the scene (i.e., the mug) required the use of a whole hand grasp (WHG; i.e., opposition of fingers to palm) to be handled. Therefore, the observed movement (i.e., PG) was specifically mismatched with the one required to interact in a complementary fashion (i.e., WHG) and both targets of the actor's gaze were mismatched in terms of affordances. Each video lasted 7020 ms and the animation effect was obtained by presenting a series of single frames (40 ms duration) following the first frame lasting 500 ms.
Procedures. Participants were seated 65 cm from a monitor (1280 x 1024 pixels) and they were asked to observe the video stimuli (AVI format videos, 25 frames per second). Each trial started with a fixation cross presentation in the center of the monitor and participants were instructed to look at it for three seconds. This ensured all participants started observing the video stimuli from the same origin point. Each video clip was randomly presented three times to each participant. The experimental session lasted approximately ten minutes.
Eye tracking recordings. Eye movements were recorded by means of an infrared T120 Eye Tracker embedded in a 17" display (Tobii Technology, Danderyd, Sweden). Eye position was sampled at 120 Hz with a spatial accuracy of 0.5 degrees of visual angle. Prior to starting the experiment, the eye-tracker calibration was performed through a standard five-point grid, and repeated when necessary.
Eye-tracking analysis. Areas of Interest (AOIs) were created to investigate fixations targeted to specific regions using Tobii Studio 3.1 software. A fixation event was computed when gaze remained within 0.5 degrees of visual angle for at least 100 ms. For each video, four AOIs were adopted (see Fig 2) : a) Head AOI (200 x 225 pixels): a static area which included the actor's head; b) Hand AOI (109 x 233 pixels): a dynamic area which included the actor's hand manipulating the sugar spoon; c) Block AOI (58 x 49 pixels): a static area including the starting block; and d) Mug AOI (151 x 177 pixels): a static area covering the mug placed near the observer, in the right corner of the screen. Participants' gaze behavior within the AOIs was tracked for the entire duration of the video stimuli. The total Fixation Duration (i.e., the whole duration in seconds for all fixations within the selected AOI) was considered for gaze data analysis. Since the two action sequences were identical during the first action step (i.e., pouring sugar in the close mug), a difference in gaze parameters was expected only in the last part of the action, namely when the actor's gaze direction was converging/diverging from the action's direction. Data analysis has therefore been segmented into two epochs ( Fig 2) : i) T1, time between the start of the action and the end of pouring in the first mug (5000 ms); ii) T2, time between the end of pouring and the end of the action, that is, the actor's arm extension toward the observer for the Interactive condition or the actor returning the spoon to the small starting block for the Non Interactive condition (2000 ms). Data were analyzed by means of a linear mixed-effects model, using as response variable each level (T1 and T2) of the Fixation Duration index. The various levels of AOI (Head, Hand, Block and Mug), Action (Interactive, Non Interactive) and Gaze direction (Convergent, Divergent) were used as predictors. The three predictors were used as fixed effects of the model and their interaction was inserted in the model. The individual variability was assessed setting participants as a random factor (random intercept model). Since the four AOIs differed in their dimensions, they were considered separately in the analysis to allow meaningful comparisons. The mixed model was performed using the nmle package in R [28] . Conditional R squared has been computed as a measure of goodness of fit of the tested models [29] by means of the MuMin R package [30] . A significance threshold of p < 0.05 was set for all statistical analysis. Each time a statistically significant effect was found, multiple comparisons were performed using the emmeans package [31] . Degrees of freedom of such comparisons were computed using the Satterthwaite method, while p-values were adjusted using the Tukey method [31, 32] . Cohen's d were computed for each multiple comparisons according to the method explained by Westfall, Kenny, and Judd [33] .
Results and discussion
During the first part of the action sequence (T1) only a significant main effect of AOI emerged, F (3, 285) = 107.54, p < 0.001 (Table 1) . Participants observed longer the Head AOI, followed by the Hand, the Block and the Mug AOIs. At T2, a significant effect of the AOI predictor, F (3,285) = 86.33, p < 0.001, as well as of the interaction between AOI and Action, F (3,285) = 9.93, p < 0.001, AOI and Gaze direction, F (3,285) = 6.94, p < 0.01, and the interaction among all the predictors, F (3,285) = 5.80, p < 0.01, emerged, as displayed in Table 1 . See S1 Table with descriptive statistics for all the three predictors (AOI, Action and Gaze direction) for each time epoch (T1, T2).
Fixation Duration results for each AOI at T2 are reported as follow:
Head AOI: Gaze presented a significant effect, F (1,57) = 6.17, p < 0.001, with longer fixations when the actor's gaze was pointing to the mug compared to when it was directed toward the starting block, t (57) = -2.48, p = 0.016, d = 0.43. A significant interaction between Action and Gaze direction also emerged, F (1,57) = 13.36, p < 0.001. Fixations were longer when hand and gaze direction were divergent. In particular, longer fixations were found for the Interactive Request Action, Divergent Gaze, t (57) = -2.86, p < 0.001, d = 0.71, and the Non Interactive Action, Divergent Gaze, t (57) = -4.34, p < 0.001 d = 1.07, conditions compared to the Non Interactive Action, Convergent Gaze condition.
Hand AOI: A significant effect of Action emerged, F (1,57) = 15.41, p < 0.001. Participants spent more time watching the actor's hand in the Interactive compared to the Non Interactive action sequence, t (57) = -3.92, p < 0.001, d = 0.80.
Block AOI: A significant effect of both Action, F (1,57) = 26.97, p < 0.001, and Gaze direction, F (1,57) = 19.38, p < 0.001, predictors emerged, together with the interaction among them, F (1,57) = 6.50, p = 0.014. Specifically, in the Non Interactive condition participants looked longer at the small block when the actor's action and gaze were both pointing to it (Convergent Gaze) compared to when gaze was directed away, t (57) = 5.48, p < 0.001, d = 1.61. Fixations in the Non Interactive Action, Convergent Gaze condition were also longer than in the Interactive Action condition for both Divergent, t (57) = 4.92, p < 0.001, d = 1.45, and Convergent Gaze directions, t (57) = 6.78, p < 0.001, d = 1.99. Mug AOI: when considering the salient object for the social interaction, a significant effect of Gaze direction emerged, F (1,57) = 12.35, p < 0.001, with longer fixations when the right-oriented gaze was pointing toward it, compared to when the actor was looking at the opposite side, t (57) = -3.52, p < 0.001, d = 0.66.
To sum up, eye tracking data show the direction of the actor's gaze and gesture differently influenced the onlookers' observation behavior. In particular, the actor's head was attended more when his gaze and gesture were divergent, thus suggesting the adoption of a strategy for disambiguating the action's outcome and understanding the actor's intention [34] . In this line, participants fixated longer the salient object (i.e., the mug) when the actor's gaze was directed toward it, regardless of his action's direction, thus highlighting the specific role of gaze cues for intention reading in social contexts. The actor's hand was more attended when expressing a social request toward the observer, regardless of gaze direction. Only the small starting block was more attended when the two indexes (i.e., gaze direction and hand gesture) were jointly directed at it. It seems therefore that different cues have different weight depending on context. Social gestures toward the participants attract their attention onto hand movements, whereas gaze allows disambiguating other's intentions and specifically emphasizes socially-salient objects. Experiment 2 was then designed to explore how gaze and action cues differently affect observers' motor preparation in hand muscles and readiness to interact.
Experiment 2
Participants' corticospinal excitability was measured during observation of the action sequences adopted in Experiment 1. If coupling gaze direction and request gesture enhances response saliency, then an increase in observers' motor preparation and readiness to interact is expected. In particular, an increase of the MEP amplitude is expected for the muscle involved in the response preparation (i.e., the ADM) for the Interactive request condition with the gaze pointing to the mug.
Methods
Participants. Thirty naïve volunteers (17 female and 13 male, aged between 19 and 28 years, mean age 21.8 years) with the same characteristics as those who participated in Experiment 1 took part in the experiment. They were all screened for TMS exclusion criteria and for neurological, psychiatric and medical problems [35, 36] . The study was approved by the ethics committee of the University of Padua, in accordance with the Declaration of Helsinki. All participants gave their written informed consent and were financially compensated for their participation.
Experimental stimuli. The same experimental stimuli as for Experiment 1 were used (see Fig 1) .
Procedure. Participants were tested in a single experimental session lasting approximately one hour. They were seated in a comfortable armchair with their right arm positioned on a pillow and their head on a fixed head rest. They were instructed to remain as still and relaxed as possible while watching video clips presented on a 24" monitor (resolution 1920 x 1080 pixels, refresh frequency 120 Hz) set at eye level (eye-screen distance was 80 cm). No specific task was given to participants; however, to ensure attention to the video-clips, they were told that at the experiment's end they would be questioned about the stimuli presented (post-experiment questionnaire). TMS-induced motor evoked potentials (MEPs) were acquired from the participants' first dorsal interosseous (FDI) and abductor digiti minimi (ADM) muscles of their right hand. A single TMS pulse was released during each video presentation at 5700 ms, namely when the actor was starting to stretch out toward the out-of-reach mug (Interactive conditions; Fig 1A and 1B; Fig 3) or when he was returning the sugar spoon to its initial position on the small starting block (Non Interactive conditions; Fig 1C and 1D; Fig 3) . Notably, the actor was also directing his gaze leftward or rightward at this time point (Fig 3) . The order of the videoclips was randomized across participants. A total of 120 MEPs (2 muscles x 2 actions x 2 gaze directions x 15 repetitions) were recorded for each participant. Prior to and after the experimental block, each participant's baseline corticospinal excitability was assessed by acquiring 15 MEPs while they passively watched on the computer screen a white fixation cross on a black background (10 s inter-pulse interval: for 5 s the remainder to remain fully relaxed was showed, followed by other 5 s of fixation cross presentation). Possible variations in corticospinal excitability related to TMS per se were assessed by comparing the MEP amplitudes recorded during the two baseline periods (30 MEPs in total). Their average amplitude was then utilized to set each participant's individual baseline for data normalization procedures. Stimuli presentation, timing of TMS stimulation and EMG recordings were managed by E-Prime v2.0 software (Psychology Software Tools Inc., Pittsburgh, PA, USA) running on a computer.
TMS and EMG recording. Single-pulse TMS was administered to the hand region of the left primary motor cortex (M1) using a 70 mm figure-of-eight coil connected to a Magstim Bistim2 stimulator (Magstim Co., Whitland, UK). The coil was placed tangentially on the scalp, with the handle pointing laterally and caudally [37, 38] , in correspondence with the optimal scalp position (OSP) where MEPs with maximal amplitude were recorded simultaneously from the FDI and ADM muscles with the minimum stimulation intensity. These muscles were chosen as ADM is specifically involved during WHG but not PG, whereas FDI is more activated for PG than WHG [39] . To find the individual OSP, the coil was moved in steps of 0.5 cm until the position was reached. Once the OSP was found, it was marked on a tight-fitting cap worn by the participant and the individual resting motor threshold (rMT) was determined. The rMT is defined as the lowest stimulus intensity at which TMS is able to generate MEPs of at least 50 μV in relaxed muscles in 5 out of 10 consecutive pulses [40] . The stimulation intensity was then set at 120% of the rMT to record a clear and stable MEP signal throughout the experiment. rMT ranged from 30 to 56% (mean = 41%, SD = 6.2) of the maximum stimulator output. During the experimental sessions the coil was held by a tripod and continuously checked by the experimenters to maintain a constant positioning with respect to the marked OSP.
The EMG signal was recorded by means of two pairs of surface Ag/AgCl electrodes (1 cm diameter) placed in a belly-tendon montage, with the active electrode placed over the muscle belly and the reference over the interphalangeal joint. The ground electrode was positioned over the participant's left wrist. Skin impedance, evaluated at rest prior to beginning the experimental session, was considered of good quality when below the threshold level (5 Ohm). Electrodes were connected to an isolable portable ExG input box linked to the main EMG amplifier for signal transmission via a twin fiber optic cable (Professional BrainAmp ExG MR, Munich, Germany). The raw myographic signals were band-pass filtered (20 Hz-1 kHz), amplified prior to being digitalized (5 KHz sampling rate), and stored on a computer for offline analysis. Trials in which any EMG activity greater than 100 μV was present in the 100 ms window preceding the TMS pulse were discarded to prevent contamination of MEP measurements by background EMG activity. EMG data were collected for 300 ms after the TMS pulse by using Brain Vision Recorder software (Brain Products GmbH, Munich, Germany).
Post-experimental questionnaire. At the end of the experimental session, to quantify the subjective experience of involvement experienced by each participant for each experimental stimulus, they were asked to rate four sentences for each video on a five-point Likert scale (ranging from 'Not at all' to 'Very much'). The order of the videos was counterbalanced across participants. The four sentences adopted were: Q1) "I felt involved in the action"; Q2) "At the end of the video I looked at where the actor was gazing at"; Q3) "At the end of the video the actor's gaze distracted me from the action"; Q4) "At the end of the video I would have grabbed the nearest mug". The relationship between the participants' perceived level of engagement (low vs. high) and the corresponding CE modulations during video observation was a key factor of our study. We then clustered our participants in two groups of responders (i.e., Low and High Responders) to measure whether low or high scores to the questionnaire's items were associated with different patterns of motor activations (see [27] for a similar approach).
Data analysis. Mixed-effects model
The MEP peak-to-peak amplitudes for FDI and ADM muscles were determined as a measure of participants' corticospinal excitability. For each participant and experimental condition, MEPs were normalized computing a ratio between MEP amplitude values recorded during the experimental conditions and during the baseline blocks. As for Experiment 1, a linear mixedeffects model was used to assess the effects of Action (Interactive, Non Interactive), Gaze direction (Convergent, Divergent) and Muscle (FDI, ADM) on normalized MEP scores, setting participants as a random factor. Cohen's d were computed for each multiple comparisons [33] .
A priori comparisons Data analysis then focused on a priori comparisons on the crossed level of condition and gaze predictors to explore possible differences between MEP scores collected in the Interactive condition with a right-oriented gaze and all the other crossed levels (treatment-contrasts method).
Spearman's rank-order correlations
Spearman's rank-order correlations were tested on MEP scores for both levels of the Muscle predictor and each of the four questions referring to each experimental condition. The aim was to explore a possible link between the perceived engagement with the observed action and corticospinal activity. Each p-value obtained was corrected with Bonferroni correction.
Cluster analysis A k-means cluster analysis was performed on the questionnaire responses. Two centroids for the cluster membership configuration were set in order to create two theoretical groups of responders: Low and High Responders. These two groups were then used as a between factor for an ANOVA, and post-hoc tests were performed to assess if there were any differences in MEP scores between groups.
Results
To control for nonspecific changes in corticospinal excitability that could have biased the results, for each muscle we compared the mean raw MEP amplitudes recorded at the beginning and at the end of the experimental session (baselines). No significant differences for either the FDI, t (29) = 0.946, p = 0.352, or the ADM, t (29) = 0.086, p = 0.932, muscles emerged.
Mixed-effects model. The Muscle predictor presented a significant effect on the MEP scores, F (1,203) = 40.19, p < 0.001, FDI muscle had greater MEP values than ADM, t (203) = -6.34, p < 0.001, d = 0. 66 ( Table 2 ). The Gaze predictor also showed a significant effect on MEP scores, F (1,203) = 6.29, p = 0.013 ( Table 2) . MEP values for the conditions in which the actor was looking at the mug were significantly lower than those for the conditions in which the actor was looking at the starting block, t (203) = 2.5, p = 0.013, d = 0.26. The Action predictor and all the interactions among predictors did not reach a significant effect on the MEP scores.
A priori comparisons.
A priori multiple comparisons on the crossed levels of the Action and Gaze predictors showed that FDI MEP values were higher when the actor's gaze was pointing to the small starting block for both the Interactive request, t (87) = 2.4, p = 0.019, d = 0.41, and the Non Interactive, t (87) = 2.15, p = 0.034, d = 0.37, Action conditions, compared to when it was directed to the mug in the Interactive request Action, Convergent Gaze condition ( Fig 4A) . No difference instead emerged when comparing the Interactive request and the Non Interactive actions when the gaze was pointing to the mug (Convergent and Divergent Gaze, respectively), t (87) = 1.2, p = 0.239, d = 0.2. Concerning the ADM muscle, MEPs for the Interactive, Convergent Gaze condition were lower than for the Interactive, Divergent Gaze condition, t (87) = 2.22, p = 0.029, d = 0.36 ( Fig 4B) . No other significant differences emerged for the ADM muscle (p s > 0.33).
Spearman's rank-order correlations. The Spearman's rank-order correlation coefficient was used to assess the relationship between responses to each of the four questions and the MEP values for each muscle and experimental condition. Among the 32 computed correlations, only two reached statistical significance once Bonferroni correction was applied ( Fig 5) .
As concerns the Non Interactive Action, Convergent Gaze condition, results showed a positive correlation between the responses to the second statement of the questionnaire (Q2): "At the end of the video I looked at where the actor was gazing at" and the FDI muscle activity, r s (28) = 0.52, p = 0.013 ( Fig 5A) . So, when gaze direction was convergent with the observed action (i.e., the actor gazed at the small block while moving back the sugar spoon toward it), an increase in the MEP amplitudes for FDI muscle was correlated with the perception of being captured by the actor's gaze. The ADM MEP amplitude for the Interactive condition when the gaze was pointing to the mug was instead negatively correlated with the responses to the fourth statement of the questionnaire (Q4): "At the end of the video I would have grabbed the nearest mug", r s(28) = -0.47; p = 0.036 ( Fig 5C) . The more the participants were willing to respond to the action, the lower was their MEP amplitude in the muscle specifically required to perform the WHG. The subjective evaluation regarding the willingness to act toward the mug was actually correlated with a decrease of motor response in the observers' muscle.
Cluster analysis. In order to assess two potential groups of responders, namely Low and High Responders, two clusters were set a priori based on the questionnaire results. This configuration has been adopted for each level of the Action predictor, crossed with both levels of the Gaze predictor. All the clusters are shown in Table 3 .
The cluster of the High Responders in the Interactive Action, Convergent Gaze condition was composed by participants who felt very engaged in the displayed action: in fact, they tended to assume the same gaze orientation of the actor and they would have grabbed the nearest mug at the end of the video. The two clusters presented a significant difference in MEP scores within the ADM level of the Muscle predictor, FDI: F (1,28) = 2.298, p = 0.14; ADM: F (1,28) = 6.198, p = 0.02 (Table 4) , where High Responders showed lower MEP scores than Low Responders, t (23.86) = -2.72, p = 0.012, d = 0.91. The more participants felt involved in the action and were willing to respond to it in a complementary fashion, the lower was the motor response in the ADM muscle (i.e., the muscle potentially involved in grabbing the mug). No differences emerged between Low and High Responders in the other conditions (see Table 4 ).
Discussion
The present research aims at disentangling the role of other's gaze and body cues in a social context evoking a motor response preparation in the onlooker (i.e., a complementary response) from both a behavioral and a neurophysiological perspective. Observers' eye movements, corticospinal excitability and readiness to interact were measured while an actor's gaze and upper limb were shown either in a convergent or divergent direction. In the interactive condition, an actor was shown moving his hand toward a socially-salient object that was clearly out of her reach, but that was near to the observer's peripersonal space-in fact, a social response implicating grasping the object was triggered in the observer. First and foremost, we found that the socially-salient object was specifically attended when the actor's gaze was directed toward it, regardless of his action (interactive/non interactive). Moreover, divergent cues provided by the actor's gaze and upper limb movements attracted participants' overt attention to his head, as a strategy to disambiguate the scene and detect his intention. The social request directed toward the participants, as expected, focalized their overt attention to the observed hand movement, regardless of gaze direction. These findings seem to suggest that gaze cues are crucial when the social nature of an observed context has to be defined and intentions are not yet deciphered. In order to investigate how our gaze and body cues manipulation was coded at the motor level, we tested corticospinal excitability of M1 and readiness to interact. Our results extend previous literature by showing the congruent combination of gaze and hand request increased observer's readiness to interact. In motor terms, we found an increased activity in the observers' FDI muscle, the same muscle involved in the observed action, when the actor's gaze was pointing to the small starting block. In line with previous evidence, the increased excitability in the observers' index finger muscle reflected an activation compatible with the actor's action (i.e., direct matching) and this effect was enhanced when attention was drawn to the small object eliciting a compatible motor activation [41] [42] [43] . Interestingly, when both the hand request and gaze direction were converging to the object next to the observer, decreased ADM muscle activity was measured.
The motor inhibition hypothesis
According to Naish and colleagues [44] , an inhibitory pattern of activity can be interpreted as a mechanism preventing the tendency to react to an observed stimulus, when a response is not required. This might be particularly true for social stimuli. A real-time interactive study from Sartori and colleagues [45] demonstrated indeed that a social request directed to participants was able to activate a quick and uncontrollable complementary response, regardless the given instructions was to refrain from doing it. In the present experiment, participants were required to remain perfectly still and relaxed while watching the actions, so it is possible that a similar quick response preparation took place in the motor system, and inhibition was required to prevent overt behavior. Eye-tracking data and questionnaire results seem to exclude that the lack of motor facilitation reflects a lack of attention/interest toward the action or salient object. Inhibition can instead be interpreted as a 'rebound effect' [46, 47] , as reported by Schuch et al. [48] in an EEG study. These authors found that the more the mirror system was activated (i.e., greater desynchronization of the mu rhythm over sensorimotor cortex during action observation), the more the motor system was subsequently inhibited (i.e., greater synchronization of the mu rhythm [48] ). Crucially, a connection between mu power and MEPs has been provided by some studies demonstrating that increased mu oscillations are associated with a reduction of MEP amplitude [49] [50] [51] . Overall, this evidence suggests that the specific inhibition registered at the ADM muscle level could have been a byproduct of an increased pre-activation. Along this line, we recently demonstrated that gaze engagement during a social request led to a greater activation of corticospinal excitability at an early stage rather than at the end of the gesture [27] . Further support to the hypothesis of a mechanism to prevent an overt response elicited by the salient request comes from the correlation between the perceived impulse to grasp the mug and the motor excitability measurements. The more the participants reported their willingness to grab the mug at the end of the action sequence, the more their corticospinal excitability was decreased in the muscle required to interact with it. The fact the corticospinal excitability was not consistent with participants' subjective report is in line with a recent study, showing that the observers' own intentions and motivations during an experiment are independent from motor excitability during action observation [52] . Furthermore, when considering Low and High Responders-who showed respectively little or high engagement to the observed action sequences-differences in ADM muscle activations were present. In the Interactive condition, when action and gaze were both pointing to the salient object, High Responders showed lower MEPs in their little finger muscle compared to Low Responders. Therefore, it is precisely in the subgroup of High Responders that muscular inhibition was greater.
Previous research demonstrated that, during action observation, the spinal cord excitability-tested by eliciting the H-reflex in finger muscles-varied in accordance with the observed movements, but in the opposite direction to that occurring when executing them [53] . It was then suggested that the emerged inhibitory pattern in the spinal cord could allow the motor system to replicate the observed action internally, while preventing its overt replica. Consistent with the discovery of 'anti-mirror' neurons in the human brain (i.e., neurons increasing their firing rate during action execution, but decreasing it during observation of the same action; [54] ), it is possible our motor system contains mechanisms that, while allowing us to resonate with others' actions, still ensure we do not imitate them or react to them when it is not required (see also monkey literature: [55, 56] ).
As a final issue, the fact we found a pattern of inhibitory activity, which is not always detected in action observation studies, could depend on the type of stimuli adopted. As suggested by Naish and colleagues [44] , it is possible that ecological contexts are more likely to elicit motor preparation compared to others, and that these conditions consequently necessitate of a suppression mechanism [57] . According to their model, in order to prevent production of overt imitation of observed movements, inhibitory processes would follow an early increase of corticospinal excitability due to action observation. The authors propose that the inhibitory mechanism might occur either (or both) in parallel with excitatory processes, or be triggered when the excitation level reaches a certain threshold [44] . In this view, our results are in line with what the Naish and colleagues [44] model predicted.
The role of attention in social motor preparation
From an attentional point of view, previous literature suggests that other's gaze triggers fast and automatic shifting of attention toward the gazed location, as occurs with sudden onset cues [58] . A previous experiment in which attention to various parts of an interactive scene was manipulated by means of rapid dot presentation [41] showed direct matching is dependent on attentional allocation toward an actor's hand, in line with previous literature [48, [59] [60] [61] . However, motor preparation for a complementary action resulted unaffected by an attention-diverting cue [41] . Here, by manipulating attention orienting through gaze direction, we replicated the direct matching results in the Non Interactive context. Moreover, a decrease of corticospinal excitability emerged when gaze direction and a request gesture toward an object were coupled. It could be argued that the modulation of corticospinal excitability specifically found for this condition is due to simply having two convergent cues attracting attention toward the object, without the effect being intrinsically social. We ruled out this alternative explanation in a previous study, where a moving arrow pointing toward the object replaced the social gesture [62] . The results showed that the arrow determined a much lower MEP activation compared to the request gesture ( [62] , see also [63] ). The results of the present study then extend available literature on complementary actions. In previous experiments, indeed, the ADM muscle resulted activated in response to a request gesture, but the actor's head was not visually available in the scene [26] . Interestingly, having made the actor's head and gaze visually available led to different results. Put simply, the observed gaze may have added 'social noise' to the visual scene. Bunday and colleagues [64] have recently demonstrated that the presentation of a whole person performing an action-compared to the presentation of only the acting hand-abolished grasp-specifics effects in motor resonance, without the results being due the relative size of the observed hand. Moreover, the available literature on attention manipulation during action observation was mainly confined to paradigms adopting simplified stimuli (e.g., a big hand over a neutral background) that, although boosting subtle responses in neural activity, may lack in their ecological validity [60, 65] .
How gaze and body cues interplay influences social affordance
Affordances are action possibilities, associations between environmental properties and abilities [66, 67] . It has been proved that these action possibilities can be modulated by the task, as well as by the physical and social contexts (e.g. [68] [69] [70] ). Our environment is typically crowded with objects and people, and we usually perceive objects in presence of other people who show different intentions to act. Social inputs may influence affordance perception, modulating our motor responses. Social affordances specifically refer to affordances modulated by social situations and contexts [71] . They depend on the presence of social signals, whose function is to alter a recipient's behavior by triggering a range of opportunities for actions [72, 73] , and the willingness to engage in an interactive task [74] . Our gaze and body manipulation was intended to differently affect affordance toward the objects in the visual scene. Critically, when the actor expressed the interactive request, this was meant to induce in the observer the tendency to grasp the salient object for the potential interaction. When action and gaze were both pointing toward the object, the social affordance activation would push the observer to grasp the object, even if no real interaction takes place (see [75] ). Conversely, interference effect due to simultaneous activation of affordances for two different objects may have occurred when gaze and action cues were diverging. Interestingly, in the Interactive request action with Divergent gaze, an increase of both FDI (coding for PG on the observed small starting block) and ADM (coding for WHG on the mug to which the hand action was directed) muscles emerged, compared to the Convergent gaze condition in which no mismatch between action and gaze was shown. It could be argued that the increased activation in the Divergent condition could be due to the 'oddness' of gaze and action's mismatch. However, divergent cues are quite frequent in deceiving and bluffing contexts (e.g., when a soccer player looks at the opposite side of a goal from the one in which he kicks the ball or when someone looks at us while stealing our wallet). Deception is quite a common behavior and the present results might offer new insights for the related literature (e.g., [76, 77] ).
In our study, the activation of social affordances as a consequence of observing the interactive request toward the mug, instead of an increase in muscle activation determined a decrease of its response. These results are in line with what Wokke and colleagues [78] found investigating the strength of the responsiveness to affordances in real environments. They showed that when the context strongly activates specific affordances greater (inhibitory) efforts are required if the responses have to be withheld.
Towards an ecological approach to the study of social interactive behavior
In the present study, we adopted video-clips depicting realistic social situations and we studied observers' motor modulations through multiple methods: eye-tracking, corticospinal excitability modulations and self-report responses. This approach represents a compromise between the use of a realistic social situation and the adoption of a controlled experimental design, as suggested by Readers and Holmes [79] . Nonetheless, we acknowledge that testing gaze and body interplay during real interactive situations is the new frontier [65] . The effort to design experiments that may help unveil the motor system functioning in realistic situations should be a challenge for future studies in this field. In addition, as suggested by Kingstone and colleagues [80] future research should ideally study phenomena as they occur in the real-world environment before being studied under controlled laboratory setting.
To conclude, even if future research is needed to explore the origins and the temporal aspects of the inhibitory activation that emerged in this set of data, this study demonstrates that the joint combination of gaze and action in a social interactive context increased participant readiness to interact, which resulted in an increased muscular inhibition. The higher was the tendency to interact, the higher was the inhibition in the required muscle. Overall, these data bring research on action observation and complementary actions a step forward, contributing to a better understanding of gaze and action's roles in motor system functioning during realistic social situations. 
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